The immobilization of recombinant staphylococci onto cellulose fibers through surface display of a fungal cellulose-binding domain (CBD) was investigated. Chimeric proteins containing the CBD from Trichoderma reesei cellulase Cel6A were found to be correctly targeted to the cell wall of Staphylococcus carnosus cells, since full-length proteins could be extracted and affinity-purified. Furthermore, surface accessibility of the CBD was verified using a monoclonal antibody and functionality in terms of cellulose-binding was demonstrated in two different assays in which recombinant staphylococci were found to efficiently bind to cotton fibers. The implications of this strategy of directed immobilization for the generation of whole-cell microbial tools for different applications will be discussed. ß
Introduction
Immobilized microorganisms have a long tradition, for example in waste water treatment (in trickling ¢lters) and food biotechnology (e.g. Acetobacter in vinegar production), and in such applications the microorganisms are typically immobilized by simple adsorption methods [1] . Also in modern biotechnology immobilized microorganisms are used in di¡erent applications, including the creation of whole-cell biosensors [2] or bacterial bioadsorbents [3, 4] . In the ¢eld of biocatalysis, immobilized enzymes have been investigated extensively for decades [5] , and a major problem has been that the enzyme activity often is decreased upon immobilization [6] . A strategy to avoid this that has been investigated is to instead immobilize a bacterium overexpressing the particular enzyme of interest, and di¡erent strategies to obtain immobilization have been evaluated [7] . In this context, bacterial surface display of also the enzyme for improved accessibility has been considered advantageous [7] . Straightforward methods for directed immobilization of microorganisms onto inexpensive matrices have been suggested to be favorable as compared to immobilization by aggregation, chemical cross-linking or entrapment [1] .
Staphylococcus carnosus is traditionally widely used in food biotechnology, e.g. as starter culture for the fermentation of meat and ¢sh products [8] . Go « tz and coworkers have developed a host^vector system for recombinant protein production in S. carnosus [9] , and this expression system was for example used for lipase production in a dialysis fermentor with a product yield of 230 mg l 31 [10] . S. carnosus has a very low extracellular proteolytic activity [9] , and is therefore an attractive host organism for recombinant protein production. A system for surface display of heterologous proteins on S. carnosus was developed [11] , and this system has been extensively investigated as a system for live mucosal delivery of subunit vaccines [12^15] . Furthermore, the S. carnosus surface display system has been used to develop staphylococci with improved binding to Ni 2 and Cd 2 ions, and such bacteria have been discussed as interesting bioadsorbents in biosensor or environmental applications [16] . S. carnosus cells with surface-displayed heterologous enzymes have also been described as a new type of microbial biocatalyst [17] . In addition, functional single-chain antibody frag-ments [18] and also alternative binding proteins (i.e. protein A-based a¤bodies) [19] have been surface-exposed on S. carnosus, and such bacteria would be highly interesting to evaluate as novel whole-cell diagnostic devises [20] , suitably in a`dip-stick' format. Due to the extensive and various use of recombinant S. carnosus cells, it would be of interest to develop a general method for directed immobilization that potentially could be used in the di¡erent biotechnological applications.
Cellulose is an unbranched homopolymer of L-1,4-linked glucose units. The individual glucan polymers adhere to one another and form a stable crystalline structure. As the main component of plant cell walls, cellulose is readily available in large amounts. It is chemically inert, non-toxic, biodegradable and o¡ers an inexpensive immobilization matrix for many di¡erent purposes. Typical cellulytic enzymes contain independently folding modules, cellulose-binding domains (CBDs), which bind to crystalline cellulose [21] . CBDs promote the enzyme's action on insoluble substrates but are not needed when the enzyme attacks soluble substrates [22^24] . Because most CBDs are structurally and functionally independent units, they can be used as anchors or a¤nity tags for immobilization of other molecules onto cellulose carriers [25, 26] . One of the best studied CBDs is the CBD of the cellobiohydrolase Cel6A from ¢lamentous fungus Trichoderma reesei. The Cel6A CBD consists of 38 amino acids and has three disul¢de bridges stabilizing the structure. The £at cellulose-binding surface is formed by a cluster of three aromatic amino acids on one face of the wedge-shaped structure [27] . The fungal CBDs bind well to crystalline cellulose but not to amorphous cellulose or soluble oligosaccharides [27, 28] . In this study we have designed and constructed a chimeric protein containing the Cel6A CBD for secretion and subsequent covalent attachment at the cell surface of S. carnosus. The targeting to the cell wall, the proteolytic stability and the surface accessibility of the chimeric surface protein were studied. In addition, the ability of the recombinant CBD-displaying staphylococci to bind to cotton ¢bers was investigated.
Materials and methods

Bacterial strains and plasmids
Escherichia coli strain RRIvM15 [29] was used as bacterial host during the plasmid constructions. The S. carnosus strain TM300 [9] was used for surface expression of a heterologous CBD from T. reesei Cel6A. The general S. carnosus surface display vector pSPPmABPXM [11] was used for the construction of the expression vectors encoding the CBD. The preparation and transformation of protoplasts from S. carnosus cells were performed as described earlier [30] .
Construction of the CBD surface display vector
The gene fragment encoding the CBD of T. reesei Cel6A was generated by PCR ampli¢cation using the synthetic oligonucleotides 5P-AGGGGGATCCGGGTGCT-AACCCACCGGGTACTACTACTACTTCTCGCCCG-GCTACCACTACCGGCTCCTCCCCTGATCAGGCT-TGCTCAAGCGTCTGGGGC-3P and 5P-GGGGGTCG-ACTGAGGTCCGGGAGAGCTTCCAGT-3P and vector pSI-T21 [31] as template. The upstream primer introduced by its non-complementary 5P-end a linker region encoding 23 amino acids upstream of CBD, and the downstream primer annealed in a linker region in the template, thus introducing a linker corresponding to 24 amino acids downstream of the CBD. Sequences for these linker regions were derived from the natural Cel6A and Cel7A linkers [31] . The generated PCR product was cleaved with BamHI and SalI and ligated to plasmid pSPPmABPXM [11] , previously digested with the same enzymes. The nucleotide sequences of the introduced gene fragment, encoding the CBD, were veri¢ed using solid-phase DNA sequencing [32] . The constructed plasmid pSPPCBDABPXM was used for transforming S. carnosus protoplasts, and the resulting recombinant staphylococci will for simplicity be denoted Sc:CBD.
Extraction and puri¢cation of the chimeric surface proteins
Extraction of the chimeric proteins from the cell wall of the recombinant S. carnosus was performed essentially as previously described [11] . Brie£y, cells harboring the parental vector pSPPmABPXM, hereinafter denoted Sc:ABP, or the recombinant staphylococcal strain Sc:CBD, respectively, were grown at 37³C in 50 ml tryptone soy broth medium (TSB, Difco, Detroit, MI, USA), supplemented with yeast extract (5 g l 31 , Difco) and chloramphenicol (10 mg l 31 ), until OD 578 nm reached W1. Cells were washed twice in phosphate-bu¡ered saline (PBS) with 0.05% Tween 20 (PBST) and subjected to a cell wall degrading treatment using lysostaphin (Sigma, St. Louis, MO, USA). The cell pellets were dissolved in 6 ml of SMM solution (1 M sucrose, 40 mM maleic acid and 40 mM MgCl 2 (pH 6.5)) and 30 U of lysostaphin was added before incubation at 37³C during 90 min. The formed protoplasts were pelleted at 8000Ug for 15 min and the supernatants were diluted 10 times in Tris-bu¡ered saline containing Tween (25 mM Trizma base^HCl (pH 8), 0.2 M NaCl, 1 mM EDTA, 0.05% Tween 20) and loaded onto a human serum albumin (HSA)-Sepharose column [33] for a¤nity puri¢cation mediated by the albumin-binding protein (ABP) present in both recombinant constructs [11, 33] . Eluted fractions were pooled and lyophilized prior to a sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) (8% polyacrylamide) analysis (Bio-Rad Laboratories, Hercules, CA, USA) under reducing conditions.
Western blot procedure
The gel was electroblotted with a Trans-Blot Semi-Dry blotter (Bio-Rad Laboratories) onto a nitrocellulose membrane (Bio-Rad Laboratories) according to the supplier's recommendations. The membranes were blocked with fat free milk proteins (Semper, Stockholm, Sweden) (2% in PBS) for 30 min at room temperature (RT), washed twice with PBST, and then incubated with biotinylated HSA (biotinylated with D-biotinoyl-O-aminocaproic acid N-hydroxysuccinide ester (Boehringer Mannheim GmbH, Germany) according to the supplier's recommendations) at a ¢nal concentration of 10 Wg ml 31 for 30 min at RT. The membranes were washed in PBST before incubation with streptavidin^alkaline phosphatase conjugate (Boehringer Mannheim) to a ¢nal concentration of 0.5 U ml 31 for 30 min at RT. The blot was developed with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium tablets (Sigma) according to the supplier's instructions.
Detection of surface-displayed chimeric proteins
Wild-type S. carnosus cells and the recombinant staphylococci Sc:ABP and Sc:CBD, respectively, were grown overnight and diluted 1:100 in TSB medium supplemented with yeast extract (and chloramphenicol for the recombinant cells) and further grown at 37³C until OD 578 nm reached W1. The cells were harvested and washed twice in PBST. One ml of cell suspension, diluted in PBST to an OD 578 nm W1, was incubated for 30 min at RT with biotinylated HSA (at a ¢nal concentration of 20 Wg ml 31 ) or with a CBD-speci¢c monoclonal antibody MAb82 [34] (diluted 1:500 in PBST). After washing cells twice with PBST, cells were incubated for 30 min at RT with either streptavidin^alkaline phosphatase conjugate (Boehringer) (in case of biotinylated HSA) or with alkaline phosphatase-conjugated goat anti-mouse IgG antibodies (Dako, Copenhagen, Denmark), diluted 1:1000 in PBST (in case of MAb82). The mixtures were washed twice in PBST and once in substrate bu¡er (1 M diethanolamine^HCl (pH 9.8), 0.5 mM MgCl 2 ), before resuspending the different cell types in 5 ml substrate bu¡er (to an OD 578 nm W0.25). Aliquots of 100 Wl from each cell type were loaded in a microtiter plate before adding 100 Wl of the substrate solution, p-nitrophenylphosphate (Sigma). The change in A 405 was measured after 10 min in an enzyme-linked immunosorbent assay (ELISA) reader (SLT EAR 340AT ; SLT-Labinstruments, Gro « dig, Austria). Samples were analyzed in quadruplicate and the entire experiments were repeated three times with highly reproducible results.
Cellulose-binding assay
Staphylococcal cells were grown as described above and diluted with PBST to OD 578 nm W0.5. Cotton ¢bers (Selefatrade AB, Sweden), presoaked in PBST, 20 mg per sample, were incubated with staphylococci for 30 min at RT. The ¢bers were washed twice with PBST before incubating with biotinylated HSA (20 Wg ml 31 ) for 15 min, again washed twice with PBST and then incubated for 15 min with streptavidin^alkaline phosphatase conjugate (Boehringer) diluted 1:2000 to 0.5 U ml 31 . The cotton ¢bers were washed twice with substrate bu¡er before resuspending ¢bers in 500 Wl substrate bu¡er containing the substrate p-nitrophenylphosphate (Sigma). Samples were incubated 10 min before centrifugal sedimentation of the cotton ¢-bers. Aliquots were transferred to a microtiter plate and the change in A 405 nm was measured in an ELISA reader. Samples were analyzed in quadruplicate and the entire experiment was repeated three times with highly reproducible results.
Microscopic analysis
Staphylococcal cells were grown as described above and diluted with PBST to OD 578 nm W0.5. The di¡erent staphylococci, with and without the surface-exposed CBD, were incubated for 30 min at RT with cotton ¢bers in end-overend rotation, washed 2^8 times with PBST. The cotton ¢bers were subsequently subjected to light microscopic analysis and photographed. Magni¢cations 1:40 and 1:100 were used.
Results and discussion
Construction of the CBD surface display vector
A gene fragment encoding a 38-amino acid CBD from T. reesei Cel6A was introduced into a general surface expression vector pSPPmABPXM [11] designed for surface display on S. carnosus. Linker regions, similar to those naturally £anking the fungal CBDs, were introduced on both sides of the CBD in order to enhance its exposure at the staphylococcal cell surface. The parental vector pSPPmABPXM [11] as well as the constructed expression vector pSPPCBDABPXM, together with the encoded gene products, PP-ABP-XMP and PP-CBD-ABP-XMP, respectively, are depicted in Fig. 1 . MP represents the processed and covalently anchored form [35, 36] of the M sequence of Staphylococcus aureus protein A (SpA), which is used in this system to achieve surface anchoring of the chimeric surface proteins (Fig. 1) . The two recombinant S. carnosus strains will for simplicity be denoted Sc:ABP and Sc:CBD, respectively.
The S. carnosus expression vectors utilize the promoter, signal sequence, and propeptide sequence (PP) from a Staphylococcus hyicus lipase gene construct, optimized for expression in S. carnosus [37] . The vector system also contains gene fragments from the SpA gene [38] ; X, encoding a charged repetitive region postulated to interact with the peptidoglycan cell wall [39] , and M, encoding a region, common for Gram-positive cell surface bound receptors, required for cell surface anchoring [35, 36] . In addition, the gene encoding an ABP, derived from streptococcal protein G [11, 33] , is also present in the expression vectors. The ABP region is expressed as the part of the chimeric surface proteins closest to the cell wall anchoring motifs. It has been demonstrated to be useful as a reporter peptide in a colorimetric assay to analyze surface accessibility of the hybrid surface proteins [11, 40] , as a¤nity tag for recovery of the expressed recombinant surface proteins [11] and has previously also been shown to act as a spacer protein to increase surface accessibility [12] . Note, that the propeptide (PP) from the S. hyicus lipase is not processed in S. carnosus [9] , while it is processed in its homologous host, S. hyicus [41] . This propeptide has been described to promote the translocation of heterologous gene fusion products from S. carnosus [42, 43] when using the lipase signal peptide for the secretion.
Extraction, a¤nity puri¢cation and characterization of the chimeric surface proteins
To investigate the expression of the two chimeric surface proteins, the recombinant staphylococci, Sc:ABP and Sc:CBD (Fig. 1) , were cultivated to equal cell densities, harvested and subjected to lysostaphin treatment to release cell wall bound proteins. After centrifugation, the proteincontaining supernatants were loaded onto HSA columns for ABP-mediated a¤nity puri¢cation of the recombinant surface proteins. Eluted proteins were analyzed by SDSP AGE (Fig. 2A) . Extracted and a¤nity-puri¢ed material from cultures of Sc:ABP (lane 1) and Sc:CBD (lane 2) showed major protein bands of essentially expected sizes (65 kDa and 74 kDa, respectively). In accordance with earlier observations for proteins containing the lipase propeptide [9, 11] , the recovered chimeric proteins migrated as slightly larger proteins. Furthermore, the puri¢ed chimeric proteins showed only limited proteolytic degradation ( Fig.  2A) , although a weaker band can be seen from the Sc:CBD construct (Fig. 2A, lane 2) . The extracted and a¤nity-puri¢ed recombinant proteins were further subjected to an ABP-mediated a¤nity-blotting procedure (Fig. 2B) , supporting the ¢nding that the chimeric proteins were recovered as predominantly full-length products. These results thus indicate that the chimeric surface proteins were correctly expressed and targeted to the cell wall of S. carnosus. The extracted and a¤nity-puri¢ed surface proteins were also analyzed by an ABP-based a¤nity-blotting procedure. After electroblotting onto nitrocellulose membranes, biotinylated HSA was added and allowed to bind, prior to the addition of streptavidin^alkaline phosphatase conjugate and its substrate to enable staining of protein bands containing the ABP tag.
Accessibility of the protein domains at the cell surface
The surface accessibility of the expressed chimeric proteins was investigated by a colorimetric enzymatic assay [11] , again taking advantage of the ABP reporter moiety present within the recombinant proteins. For wild-type and recombinant staphylococci, Sc:ABP and Sc:CBD, which were incubated with biotinylated HSA and a streptavidin^alkaline phosphatase conjugate, the presence of ABP-containing surface receptors was detected using a chromogenic substrate. ABP was detectable on the two recombinant staphylococci (Fig. 3A, bars 2 and 3) , whereas wild-type S. carnosus cells, as expected, showed no albumin-binding capacity (Fig. 3A, bar 1) . This demonstrates that the chimeric surface proteins with the capacity of binding to serum albumin were successfully targeted and anchored, in accessible forms, to the outer surface of the recombinant staphylococci. The level of surface expression of chimeric protein containing the CBD domain (Fig. 3A, bars 3) seemed to be slightly decreased as compared to the fusion protein construct encoded by the parental vector (Fig. 3A, bar 2) , suggesting that the surface density of chimeric proteins had been somewhat reduced by the introduction of the CBD domain. This is in accordance with earlier results, in which the levels of surface expression of recombinant proteins appeared to have been reduced when peptides and protein domains of various heterologous origins have been introduced by genetic means into the surface proteins [18, 40, 44] .
To evaluate if the CBD domain was accessible when expressed as part of the chimeric surface protein on S. carnosus, the staphylococcal cells were analyzed for their ability to bind a CBD-speci¢c monoclonal antibody MAb82 [34] (Fig. 3B) . Cultured cells were allowed to bind to the monoclonal antibody, and the binding was analyzed by the addition of secondary antibody conjugated with alkaline phosphatase. A signi¢cant response could be detected for Sc:CBD (Fig. 3B, bar 3) while, as expected, only background reactivity was observed for wild-type staphylococci (Fig. 3B, bar 1 ) and the staphylococci harboring the parental vector, Sc:ABP (Fig. 3B, bar  2) . These results clearly indicate that the chimeric proteins are surface-exposed and that the CBD domain is accessible for interaction, at least for monoclonal antibodies, within the surface-exposed chimeric proteins. 
Cellulose-binding of the whole-cell staphylococci
In order to investigate whether the staphylococcal cells had gained ability to bind to cellulose by the surface display of CBD domains, wild-type and recombinant S. carnosus cells were separately incubated with cotton ¢bers.
After the incubation, the cotton ¢bers were washed extensively and the bound staphylococci were visualized using the HSA-binding assay described above. As shown in Fig.  4 , this indirect assay demonstrated that signi¢cantly more Sc:CBD cells had bound the cotton ¢bers (Fig. 4, bar 3) , as compared to the Sc:ABP cells, used as control (Fig. 4,  bar 2 ). Since this particular assay was not capable of detecting wild-type S. carnosus cells, these were included as a control for unspeci¢c adherence of biotinylated HSA, and as expected, the background adherence was indeed found to be very low (Fig. 4, bar 1) . The binding of the recombinant Sc:CBD staphylococci to the cotton ¢bers was further con¢rmed by microscopic analyses of a large number of independently prepared samples. The data in Fig. 5B show clearly that the bacteria carrying a CBD are intimately associated, almost as a monolayer, along the cotton ¢bers. As expected, the control cells, wild-type S. carnosus (Fig. 5A) and cells carrying the Sc:ABP (data not shown) did not show any such binding. Even with signi¢-cantly increased stringency in the washing of the cotton ¢bers, Sc:CBD cells were still found to be attached on the ¢ber surface although the number of cells decreased with increased washing.
Concluding remarks
We have generated staphylococci carrying surface-exposed CBDs within chimeric surface proteins. The CBDs were found to be accessible at the cell surface and correctly folded since the recombinant staphylococci were found to be e¤ciently attached to the cellulosic cotton ¢bers. Fungal CBDs bind to cellulose rapidly, spontaneously and e¤ciently in widely di¡erent conditions and over a broad pH range [45, 46] . Owing to its small size and slow dissociation [47] , Cel6A CBD in particular constitutes an ideal tool to achieve cellulose immobilization. In addition, cellulose is available in many di¡erent forms allowing a wide range of potential applications. We have previously created recombinant S. carnosus cells with surface-displayed metal-binding peptides for environmental or biosensor applications [16] , and with antibody and a¤-body fragments for whole-cell diagnostic applications [18, 19] . Our future e¡orts will thus be focused on including the CBD domains in such constructs to enable immobilization onto for example cellulose ¢lters or other ¢brous solid supports. 
